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Binary random compacts with different proportions of small (volume V) and large (volume 2V)
bare maghemite nanoparticles (NPs) are used to investigate the effect of controllably broadening
the particle size distribution on the magnetic properties of magnetic NP assemblies with strong
dipolar interaction. A series of eight random mixtures of highly uniform 9.0 and 11.5 nm diameter
maghemite particles prepared by thermal decomposition are studied. In spite of severely broadened
size distributions in the mixed samples, well defined superspin glass transition temperatures are
observed across the series, their values increasing linearly with the weight fraction of large particles.
I. INTRODUCTION
Magnetic nanoparticle (NP) assemblies are the basis
of an ever-increasing catalogue of applications.1–3 Intu-
itively, it is expected that the nanoparticle size distribu-
tion will affect the properties of a dense magnetic parti-
cle ensemble, e.g., by allowing or forbidding the develop-
ment of critical-slowing-down and a superspin glass phase
transition. However, there is a scarcity of experiments
specifically designed to verify and quantify such effects.
On the other hand, a vast literature on strongly inter-
acting (dense) particle systems suggests that increasing
the width of a NP size distribution will eventually de-
stroy the collective spin-glass-like transition4–6 or yield
”percolation” transitions where only a fraction of the NP
superspins freeze cooperatively.7
Current synthesis technology has allowed the prepa-
ration of highly uniform NPs, enabling the formation of
self assembled NP analogues of atomic compounds.8–10
Here, random binary compacts are prepared with differ-
ent proportions of small (9.0 nm in diameter) and large
(11.5 nm) bare maghemite NPs as a method to both fine
tune the average particle moment and control the par-
ticle size distribution in order to study the influence of
both factors on the collective magnetism of the ensem-
bles. The difference in particle diameter corresponds to
a factor 2 difference in volume. The end members of this
binary series (made solely of small or large particles) have
been shown to exhibit sharp superspin glass (SSG) tran-
sitions (due to strong dipolar interactions) at tempera-
tures much larger than the individual particle blocking
temperatures.11,12
II. EXPERIMENTS
Two highly monodisperse batches of γ-Fe2O3 nanopar-
ticles of 9 and 11.5 nm diameter were synthesized using
the thermal decomposition route described in Ref. 13.
The two batches (still in solution) were mixed into dif-
ferent concentrations, the particles were then collected
and the oleic acid removed by repeated washing in ace-
tone. After removal of the oleic acid the particles were
dried yielding several powders with different proportions
of small/large particles. These powders were pressed
into dense compacts (close to random-close-packing11,14)
which are referred to as MIXx, where x denotes the per-
centage by weight of 11.5 nm particles, viz. x=0, 10, 20,
30, 50, 65, 85 or 100. Figs. 1 (a) and (b) show trans-
mission electron microscope (TEM) images of the 9 nm
and 11.5 nm particles, respectively. Their size distribu-
tions are shown in panel (d), where it can be seen that
there is little overlap between the two distributions. Fig.
1 (c) shows a scanning electron microscope (SEM) im-
age of the MIX65 sample, indicating the random mixing
of large and small particles expected from the synthesis
method. AC-susceptibility as a function of temperature
of all compacts was studied using an AC magnetic field
with amplitude H = 80 A/m (1 Oe) and frequency 10
Hz. The temperature region around the maximum of the
in-phase component of the AC-susceptibility curves was
studied using several frequencies. The zero field cooled
(ZFC) DC magnetization as a function of temperature
was measured using an applied field of H = 800 A/m (10
Oe) and a sweeping rate of 2 K/min. DC memory exper-
iments were performed using a similar protocol to that
described in Ref. 15, i.e., a 3 h stop was made at 100 K
during cooling (zero field) and the subsequent recording
of magnetization (upon heating from base temperature)
used H = 800 A/m. All magnetic measurements were
performed using an MPMS (5T) SQUID magnetometer
from Quantum Design.
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FIG. 1. TEM images of 9 nm (a) and 11.5 nm (b) particles used to make all of the MIXx compacts. (c) A representative SEM
image of a MIXx sample (x=65). (d) Size distributions of the 9 and 11.5 nm particles.
a X =(a) (b)
Concentration (%)
0 50 100
T m
ax
(K
)
0
100
200
300
FIG. 2. (a) In phase (χ′) and (b) out-of-phase (χ′′) components of the AC susceptibility as a function of temperature (f=10 Hz)
for selected compacts as labeled in the legend in (b). The inset in (a) shows the temperature of the maximum of the in-phase
susceptibility (Tmax) as a function of concentration of 11.5 nm particles.
III. RESULTS AND DISCUSSION
The temperature dependence of the magnetic AC-
susceptibility is shown in Fig. 2, where panel (a) shows
the in-phase and panel (b) the out-of-phase component.
A single, rather sharp, peak is observed in the in-phase
component of all compacts. The position of the peak,
Tmax, is plotted as a function of concentration of 11.5
nm particles in the inset of Fig. 2 (a). Tmax is found to
increase linearly with increasing concentration.
As can be seen in Fig. 2 (b), the out-of-phase com-
ponent of the AC-susceptibility of all compacts shows
a sharp onset near the temperature Tmax. At temper-
atures below the onset, a wide low temperature maxi-
mum appears in the out-of-phase component for all com-
pacts. Similar features were observed in single diame-
ter maghemite NP assemblies of other particle sizes11 as
well as in other NP systems.5,7,16 As shown by Normile
et. al,14 demagnetization effects can induce broad fea-
tures in the measured out-of-phase component of the AC-
susceptibility, however the temperature of the maximum
of the in-phase component is found to be unaffected by
such effects. The compacts used in this study did not all
possess well defined shapes (e.g., cylindrical or cuboidal),
thus a correction of the susceptibility data for demagne-
tization effects has not been possible across the assembly
series. However, the impact of demagnetization effects on
the measured susceptibility used for the critical-slowing-
down analyses is expected to be negligible, as discussed
later (with respect to Fig. 4).
In Fig. 3 (a), the out-of-phase susceptibility compo-
nent normalized to the value of the maximum just below
the onset is plotted as a function of reduced temperature,
T/T ∗ (see the caption of Fig. 3 for a definition of T ∗).
It is seen that the abruptness of the onset curve is least
significant in the sample MIX50, and that the degree of
sharpness of the absorption onset decreases with increas-
ing mixing (i.e., towards x = 0.5, from higher or lower
x). A series of similar dense monodisperse nanoparti-
cle systems of different particle size12 were reported to
show similarly sharp onsets of finite out-of-phase compo-
nents as the current MIX0 and MIX100 compacts. Those
particle systems were also found to obey critical-slowing-
down as well as exhibiting ageing, memory and rejuvena-
tion phenomena indicating superspin glass behavior (see
also Refs. 17 and 18). Since the onset of the out-of-
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FIG. 3. (a) The out-of-phase component component as a
function of normalized temperature for all MIXx compacts.
The temperature has been normalized to T ∗, defined as the
temperature corresponding to the maximum slope of the on-
set of dissipation. χ′′ has been normalized to the maxi-
mum close to the onset of dissipation. Fits to a power law,
τ = τ0(Tf/Tg − 1)−zν , for (b) MIX0 and (c) MIX50. The
inset in (b) shows the out-of-phase component as a function
of temperature for several frequencies (0.17 to 510 Hz) for
MIX0. The ∗ indicates the determined freezing temperature
Tf . The inset in (c) shows the result of a memory experiment
for MIX50.
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FIG. 4. Demagnetization effects in a well defined disc of com-
pacted nanoparticles. (a) Out-of-phase susceptibility as a
function of temperature measured with the field perpendic-
ular (⊥) and parallel (‖) to the disc plane as well as demag-
netization corrected data for the corresponding curves. Inset
in (a) shows the in-phase component as a function of tem-
perature for the same data sets. (b) Normalized out-of-phase
component as a function of temperature. The data is nor-
malized by the maximum in χ′′ at the onset of dissipation.
The black circle (1/6 of the maximum for χ′′) indicates the
freezing temperature, Tf , used in the critical-slowing-down
analyses.
non-mixed systems, it is tempting to ask whether this
compact undergoes a SSG phase transition. A DC mem-
ory experiment revealed that the sample exhibits age-
ing, memory [inset Fig. 3 (c)] and rejuvenation, however
these properties do not necessarily mean that the system
undergoes a phase transition.4 The AC-susceptibility of
all MIXx compacts was measured in an extended fre-
quency window (0.17 to 510 Hz) in narrow temperature
intervals near Tmax, see, e.g., the inset of Fig. 3 (b).
Critical-slowing-down analysis19,20 of the derived freez-
ing temperatures reveals that even the most mixed sys-
tem (MIX50) exhibits critical slowing down, see Fig. 3
(c). This demonstrates that very strongly interacting
magnetic nanoparticle dipolar systems can have broad
size distributions and still undergo a SSG phase transi-
tion. This result contrasts with relatively ”dense” (but
much less than the present compacts) ferrofluids, where
4TABLE I. Parameters from critical slowing down analyses for
all MIXx compacts.
Sample Tg (K) zν τ0 (s)
MIX0 180 10 1×10−11
MIX10 185 10 5×10−11
MIX20 200 9 1×10−10
MIX30 205 9 1×10−10
MIX50 215 11 1×10−11
MIX65 245 10 1×10−11
MIX85 265 10 5×10−12
MIX100 275 9 1×10−11
the comparatively weaker interactions may lead to the
collective freezing of only a percolated fraction of the
spins in the system.7 The critical parameters of all com-
pacts, presented in Table I, are similar to those reported
in Ref. 12 (a study of single diameter NP assemblies).
The derived SSG temperatures, Tg, increase linearly with
the concentration of 11.5 nm particles, in similarity with
the parameter Tmax, see inset of Fig. 2 (a). Certain
ball milled magnetic nanostructured materials with wide
size distributions of the magnetic entities exhibit a spin
glass transition at low temperatures,21,22 however, the in-
teraction mechanism in these systems is direct exchange
and/or RKKY and the spin glass behavior is a conse-
quence of competing ferro- and antiferromagnetic inter-
atomic interaction, implying that the relaxation time of
the interacting entities remains atomically short down to
low temperatures.
To investigate a possible influence of demagnetization
effects14 on the results of the presented critical-slowing-
down analysis a random close packed assembly with sim-
ilar composition (8 nm nanoparticles) and a well defined
geometry (disc) was prepared, allowing demagnetization
effects on the determination of freezing temperatures to
be examined. Data for the out-of-phase component mea-
sured with the field in-plane, out-of-plane and data after
demagnetization corrections are presented in Fig. 4 (a).
The corresponding in-phase data are plotted in the inset
of Fig. 4 (a). The data sets show that demagnetiza-
tion effects are indeed significant. The freezing temper-
ature at a certain frequency is determined as the tem-
perature at which a finite out-of-phase component of the
AC-susceptibility (dissipation) first appears. In the cur-
rent critical slowing down analyses the criterion chosen
to define Tf is the temperature where the out-of-phase
component has reached 1/6 of the value at the maximum
just below the onset. In Fig. 4 (b) it can be observed
that, the in-plane, out-of-plane and the demagnetization
corrected data all indicate the same Tf . Therefore, the
critical slowing down analysis (Table I) are unaffected by
having used uncorrected susceptibility data.
IV. CONCLUSIONS
The magnetic behavior of random dense compacts
comprising different ratios of two of magnetic NPs, with
the dominant interparticle interaction being dipolar, has
been studied. A striking result is that all compacts show
a superspin glass phase transition despite the remarkably
different particle size distribution (continuously tuned
across the assembly series), the size distribution in the
most mixed sample (MIX50), in particular, being signifi-
cantly broader than that of the monodisperse end mem-
bers of the series (MIX0 and MIX100). The only sig-
nificant difference in quality of the superspin glass be-
havior between the monodisperse compacts and MIX50
is a moderate broadening of the width of the onset of
the out-of-phase component of the AC-susceptibility. It
is found that all compacts exhibit critical slowing down
with a spin glass characteristic value of the exponent zν.
The glass transition temperature increases linearly with
the concentration of 11.5 nm particles indicating that it
is the average interaction strength between all particles
that determines Tg.
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